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The Large High Altitude Air Shower Observatory (LHAASO) is a next-generation
observatory for high energy gamma rays and cosmic rays with wide field of view. It
will detect gamma rays with high sensitivity in the energy range from 300 GeV to 1
PeV. Therefore, it is promising for LHAASO to search for the high-energy gamma
rays induced by dark matter (DM) self-annihilation in dwarf spheroidal satellite
galaxies (dSphs), which are ideal objects for the DM indirect detection. In this
work, we investigate the LHAASO sensitivity to DM self-annihilation signatures for
19 dSphs and take the uncertainties on the spatial DM distribution of dSphs into
account. We perform a joint likelihood analysis for the 19 dSphs and find that the
LHAASO sensitivity to the DM annihilation cross section will reach O(10−24) ∼
O(10−25) cm3 s−1 at the mass scale above TeV for several annihilation modes, which
is larger than the canonical thermal relic cross section by a factor of 10 to 100.
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2I. INTRODUCTION
A lot of compelling astrophysical and cosmological observations have indicated the exis-
tence of nonbaryonic cold dark matter, which constitutes nearly 25% of the energy budget
of the Universe [1]. DM is essential in the evolution of the Universe and the formation of
large-scale structures. However, in spite of the acknowledged existence of DM, we still have a
poor understanding about its fundamental properties as an elementary particle, and do not
know its interaction with the Standard Model particles other than gravity. To reveal these
mysteries, many new physics models have been proposed in the literature, among which
a popular kind of the DM candidate is the weakly interacting massive particles (WIMPs)
[2–4].
WIMPs could either annihilate1 or decay in astrophysical systems today, and then pro-
duce steady and energetic Standard Model particles, such as protons/antiprotons, elec-
trons/positrons, neutrinos, and photons. One kind of current DM identification method,
namely the indirect DM detection, is just to search for such nongravitational signals and
to further reveal the physical properties of DM particles. Particularly, the observations of
high-energy gamma-ray emissions produced by DM annihilation, either monoenergetic (from
direct annihilation) or with a continuum of energies (through the cascade decays or final-
state radiations), are of great interest and importance, because the process of gamma-ray
propagation is not deflected by the interstellar magnetic field and can naturally trace back
to the sites where DM annihilations occur. As the DM annihilation rate is proportional to
the square of DM density distributions, these gamma-ray signatures would be preferentially
generated in the DM dominated regions, and then can be detected by terrestrial and satellite
experiments.
Hitherto, quite a number of works have been performed to study the gamma-ray signa-
tures from DM annihilation in many different dark-matter-rich astrophysical objects, such
as galaxy clusters [5], the galactic halo [6–12], galactic DM substructures [13–15], etc. Since
there is no significant gamma-ray excess to date that has been confirmed, the stringent up-
per limits on the DM annihilation cross section have been reported in the literature [16–26].
Among these astrophysical objects, the dwarf spheroidal satellites (dSphs), known as large
galactic substructures surrounding the Milky Way, are considered to be the most promis-
ing and ideal laboratories for the indirect DM detection. First, the mass-to-light ratios in
dSphs can be of very large order of magnitude, which suggests that they are significantly
DM-dominated systems. Second, dSphs are also expected to be relatively free of gamma-ray
emission from other astrophysical sources, since they have little or no recent star formation
activity and detected ionized gas [27, 28]. These outstanding advantages could extremely
simplify the interpretation of a gamma-ray excess potentially detected in the direction of a
dSph.
1 In this paper, we only focus on Majorana WIMPs instead of the Dirac WIMPs, thus all the “annihilation”
mentioned in the following would refer in particular to self-annihilation.
3During the past several decades, the achievements in gamma-ray astronomy either in the
GeV range with space-borne instruments or in the TeV region with ground-based detectors,
have produced extraordinary advances in high-energy astrophysics. However, for the gamma-
ray sky in the energy range above a few tens of TeV, the past and present telescopes can
only record few photons, which makes this energy region almost completely unexplored.
Under this circumstance, strong interest is addressed to the development of next-generation
instruments, which are able to make more precise observations in a more extended energy
range with a high sensitivity. Currently, the most sensitive detectors for very high energy
(VHE) gamma rays are imaging air Cherenkov telescopes (IACTs), such as H.E.S.S [29],
VERITAS [30], and MAGIC [31]. But the sensitivity of IACTs would be limited by their
small field of view (FOV) and short operation duty cycle. The ground-based air shower
particle detectors, such as Tibet-ASγ and ARGO-YBJ may overcome those disadvantages
of IACTs, but the poor background rejection power still limits their sensitivities. One of
the reasonable methods to improve the sensitivity of the ground-based array detectors is to
detect muons in the shower, such as the muon detector of the Tibet-ASγ experiment.
Most importantly, the under-construction Large High Altitude Air Shower Observatory
(LHAASO) project [32, 33] will become a continuously operated gamma-ray telescope at
energies from ∼ 300 GeV to 1 PeV and open a new window for the gamma-ray detection.
LHAASO is designed to maintain a high sensitivity as well as a strong background rejection
power (∼ 1%) and a large FOV (∼ 2 sr) simultaneously. Therefore, through the VHE
gamma-ray observation from dSphs by LHAASO, it is very promising to detect the DM
annihilation signatures or set strong limits on the properties of heavy DM. From such a
point of view, we investigate the prospects for detecting the DM annihilation signature by
the LHAASO observations of 19 dSphs. We also take the uncertainties of the J-factor of
dSphs into account [34, 35] and study the impact of these uncertainties on the LHAASO
sensitivity. To derive a reasonable sensitivity, the simulated data of LHAASO considering
the background rejection power are also used.
It is difficult to detect the annihilation signals from thermally produced DM particles
by LHAASO or other cherenkov detectors, as the annihilation cross section required by the
thermal relic density is much smaller than the experimental reach. However, if DM particles
are produced nonthermally, they can still have a large annihilation cross section. There
have been many nonthermal mechanisms proposed in the literature. For instance, the DM
particles can be produced as the decay products of heavy particles, Q balls, or cosmic strings
(see, e.g., Refs. [36–38] and references therein). It is meaningful to search for the signatures
from these DM particles in the future indirect detection experiments.
This paper is organized as follows. In Sec. II, we give a brief introduction to the LHAASO
experiment. In Sec. III, we discuss the calculation of gamma-ray flux from DM annihilation
and introduce the methods of simulating the gamma-ray observation and of calculating the
limits on DM annihilation cross section. We show the LHAASO sensitivities to the DM
annihilation cross section and make comparison with other experimental results in Sec. IV.
4Finally, the conclusion is given in Sec. V.
II. LHAASO OBSERVATORY
LHAASO is a hybrid cosmic-ray and gamma-ray observatory located at 4410 m above sea
level near Daocheng, Sichuan province, China (100◦.01E, 29◦.35N). The LHAASO experi-
ment is composed of a square kilometer particle detector array (KM2A), a water Cherenkov
detector array (WCDA), a wide field Cherenkov telescope array (WFCTA), and a high
threshold shower core detector array (SCDA).
KM2A is primarily designed for the detection of VHE gamma rays (E & 10 TeV). The
surface array consists of 5195 scintillator electron detectors with 1 m2 each and a spacing of
15 m. The large effective area of approximately kilometers squared of the surface detectors
could provide enough exposure for the photons with high energies. With the purpose of
rejecting the cosmic-ray background, 1171 underground muon detectors with 36 m2 each and
a spacing of 30 m will be built under the surface detector array, with the total active area
being up to 40,000 m2. For the energies above 50 TeV, KM2A will achieve a background-free
detection of photons and make LHAASO the most sensitive observatory around the world.
WCDA, located at the center of the KM2A array, is attributed to the gamma-ray de-
tection in the energy range . 20 TeV. It is composed of four water pools with 150 × 150
m2 each, and the total active area is 90,000 m2, which is 4.5 times larger than that of the
High-Altitude Water Cherenkov (HAWC) experiment. In addition, WFCTA and SCDA
are dedicated to measure the cosmic-ray spectra of individual composition, providing a
multiparameter measurement in order to better distinguish between different compositions.
Specifically, WFCTA can detect the longitude evolution of a cosmic-ray shower, and SCDA
can detect the shower components near the core.
The gamma-ray sensitivity of LHAASO to a Crab-like source is shown in Fig. 1 [33].
In this figure, the exposure time is one year for air shower array experiments and 50 hours
for IACTs. It is shown that for energies above 20 TeV LHAASO will be the most sensitive
gamma-ray experiment in the world. The three major goals of LHAASO are 1) surveying
the VHE gamma-ray sky with a sensitivity of ∼ 1% of the Crab Nebula flux, 2) precisely
measuring the cosmic-ray spectrum of individual composition at the knee region and beyond,
and 3) exploring the new physics frontiers. For the layout of the detectors and a more detailed
description of the experiment, we refer the reader to Refs. [32, 33].
The most relevant detectors for gamma-ray detection of LHAASO are KM2A andWCDA.
Thanks to the large area of the array KM2A and the high capability of background rejection,
LHAASO can reach sensitivities for gamma rays with energies above ∼ 30 TeV, about 100
times higher than that of current experiments, offering the possibility to monitor the gamma-
ray sky up to 100 TeV for the first time, and thus is preferably effective for the detection
of gamma rays from Galactic source. The threshold energy of WCDA can be as low as
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FIG. 1. Simulated integral sensitivity of LHAASO for a Crab-like source, compared with the
sensitivities of other experiments [33, 39]. The observation times are 1 year and 50 hours for wide
field of view detectors and IACTs, respectively.
300 GeV and thus it could be effective for the extragalactic sources. As it is still under
construction, in this paper we exclusively focus on the discussion about the prospects of
searching for heavy annihilating DM particles above TeV from the LHAASO gamma-ray
observation of dSphs.
III. ANALYSIS METHOD
A. Gamma-ray fluxes from DM annihilation in dSphs
The expected gamma-ray flux from DM annihilation is calculated with the utilization of
not only the astrophysical properties of the potential DM distribution, but also the properties
of the initial- and final-state particles in different annihilation channels. For self-conjugate
DM particles, the gamma-ray integral flux from the pair annihilation of DM particles in a
dSph (point-like source) can be given by
Φ =
1
4π
〈σv〉
2m2χ
∫ Emax
Emin
dNγ
dEγ
dEγ × J, (1)
where mχ is the DM mass, 〈σv〉 is the thermal average velocity-weighted DM annihilation
cross section, dNγ
dEγ
is the differential spectrum of prompt photons resulting from DM an-
nihilation, and the integration is for each energy bin between Emin and Emax. Note that
dNγ
dEγ
should be a sum of all the photons from any possible DM annihilation final states ac-
6cording to the DM model. However, in this analysis, we only hypothesize the gamma-ray
contribution from a certain annihilation channel through the use of the PPPC4DM package
[40, 41].
In Eq. (1), J represents the astrophysical “J-factor”, which is the integral of the DM
density squared along the line of sight (l.o.s) distance x in the region of interest (ROI)
J =
∫
source
dΩ
∫
l.o.s
dxρ2(r(θ, x)), (2)
where Ω denotes the solid angle of the observation region over which the J-factor is calcu-
lated, and can be expressed as ∆Ω = 2π × [1− cosαint], where αint is the integration angle.
The density profile ρ(r) describes how the density of an astrophysical system varies with the
distance r from its center, which is given by
r(θ, x) =
√
R2 − 2xR cos θ + x2, (3)
where R is the distance from the Earth to the source center and θ is the angle between the
orientation to the center of source and the line of sight.
The DM density profile of dSphs can be derived from the kinematic observation of stellar
velocities through the use of the Jeans equation (see e.g. Refs. [42–44]). There are several
systematic and statistical uncertainties in the determination of the DM density profile and
J-factor. For instance, the stellar surface brightness and velocity anisotropy profiles are
required in the Jeans analysis, but these profiles have not been uniquely determined. For
the ultra-faint dSphs with large J-factors that are of interest to the indirect detection, the
lack of kinematic data would also induce large statistical uncertainties in the J-factor. The
discussions on the systematic uncertainties in the J-factor of dSphs can be found in Refs.
[45] and the references therein.
In this work, we take the calculated mean values of J-factor and their statistical uncer-
tainties of 19 dSphs in Table I [34, 35]. In Ref. [34], the J-factors are calculated by using
the Zhao profile [46, 47], which is parameterized as
ρ(r) =
ρs
(r/rs)γ[1 + (r/rs)α](β−γ)/α
, (4)
where ρs, rs, α, β, and γ are free parameters. For (α, β, γ) = (1, 3, 1), this profile becomes
the standard Navarro-Frenk-White (NFW) profile. However, this profile can also describe
the cored halo for γ ∼ 0. In principle, the free parameters in the profile can be extracted
in the Jeans analysis of dSph kinematics and then be used to derive the median value and
credible interval of the J-factor. The other typical profile used in Ref. [35] is the Einasto
7profile [48], which is parameterized as
ρ(r) = ρ−2
{
− 2
α
[(
r
r−2
)α
− 1
]}
, (5)
where ρ−2, rs, r−2, and α are free parameters. As discussed in Ref. [49], the results given
by these two typical kinds of profiles are in very good agreement.
Notice that there are two sets of J-factors in Refs. [34, 35], one of which is derived
with a constant integration angle αint = 0.5
◦ and the other of which is derived with the
integration angle which equals the maximum angular radius αint = θmax. The maximum
angular radius θmax of each source is indicated by its outermost member star in the current
observation. As the annihilation contribution of the gamma-ray signals which is proportional
to the DM squared density (ρ2) would concentrate more around the center of the dSphs, a
smaller integration angle would always lead to a larger signal-to-background ratio in this
work. Therefore, in Table. I, we choose the J-factor within a smaller integration angle as
αint = min{θmax, 0.5}.
In this work, as we mainly focus on the gamma ray below Eup ≡ 20TeV, the absorption
effect of the signals, resulting from the interactions with the cosmic microwave background
(CMB) and the Galactic photon field, is supposed to be negligible. For more detailed
discussions, see Appendix A.
B. Events at LHAASO
The ground-based experiment LHAASO is impinged by secondary particles from the Ex-
tensive Air Shower (EAS) induced by cosmic rays. By monitoring the generated Cherenkov
light in the water Cherenkov detectors (WCDs), one can estimate the cosmic particles’ en-
ergy and determine the orientations from which the initial cosmic particles arrived. Different
kinds of initial cosmic particles (hadron/gamma) would lead to different energy distributions
in the WCDs across the array. For example, a gamma-ray shower results in a smoother en-
ergy distribution, whereas a hadron shower leads to a clumped distribution across the WCDs.
Using this feature, we can discriminate the gamma signals from the backgrounds induced
by the hadronic primary incoming cosmic-ray particles.
Since LHAASO is still under construction, at present we could only make a mimic obser-
vation. The procedure is as follows. First, we calculate the expected counts of background
events resulting from the incoming cosmic-ray particles. Then, we assume that there are no
significant signals from DM annihilation and make a Gaussian sampling around the back-
ground event counts B to get a mimic total observational counts N .
The energy resolution of WCDA is about tens of percents. We use wide energy bins
(Emax/Emin = 3 for each bin in the energy range 700GeV ∼ 20TeV) in order to suppress
the systematic errors induced by the reconstructed energy dispersion. In each energy bin,
8TABLE I. The astrophysical properties of 19 selected dSphs within the LHAASO FOV. The listed
columns for each dSph are the name, right ascension (RA.), declination (DEC.), effective time ratio
(reff) showing the fraction of the observation time during which the corresponding zenith angle is
smaller than 60◦, maximum angular radius (θmax) associated with the dSph’s outermost member
star, and J-factor. The J-factor and θmax of the dSphs are taken from Ref. [34]. However, for the
four dSphs marked with asterisks of which the J-factors are not given in Ref. [34], we utilize the
calculated results from Ref. [35].
RA. DEC. reff θmax log10 Jobs
Source (deg) (deg) (deg) (GeV2cm−5)
Boo¨tes I 210.02 14.50 0.352 0.47 18.2± 0.4
Canes Venatici I 202.02 33.56 0.398 0.53 17.4± 0.3
Canes Venatici II 194.29 34.32 0.399 0.13 17.6± 0.4
Coma Berenices 186.74 23.90 0.377 0.31 19.0± 0.4
Draco 260.05 57.92 0.442 1.30 18.8± 0.1
Draco II⋆ 238.20 64.56 0.451 − 18.1± 2.8
Hercules 247.76 12.79 0.348 0.28 16.9± 0.7
Leo I 152.12 12.30 0.346 0.45 17.8± 0.2
Leo II 168.37 22.15 0.372 0.23 18.0± 0.2
Leo IV 173.23 −0.54 0.303 0.16 16.3± 1.4
Leo V 172.79 2.22 0.314 0.07 16.4± 0.9
Pisces II⋆ 344.63 5.95 0.327 − 16.9± 1.6
Segue 1 151.77 16.08 0.357 0.35 19.4± 0.3
Sextans 153.26 −1.61 0.299 1.70 17.5± 0.2
Triangulum II⋆ 33.32 36.18 0.403 − 20.9± 1.3
Ursa Major I 158.71 51.92 0.432 0.43 17.9± 0.5
Ursa Major II 132.87 63.13 0.449 0.53 19.4± 0.4
Ursa Minor 227.28 67.23 0.455 1.37 18.9± 0.2
Willman 1⋆ 162.34 51.05 0.430 − 19.5± 0.9
the background events B from the hadronic cosmic-ray particles can be calculated by
B =
∫ Emax
Emin
∫
∆Ω
∫ T
0
ζcr · Φp(E) · Apeff(E, θzen(t)) · εp(E)dtdΩdE, (6)
where Φp(E) is the flux of protons in the primary cosmic rays described by a single power-
law spectrum, which is best fitted by the observational datasets of experiments ATIC [50],
CREAM [51], and RUNJOB [52]. As the abundance of the rest particles in the cosmic ray
is about 10% of the proton’s abundance, we introduce an additional factor ζcr = 1.1 to take
the contributions of other particles into account. The observational time T is taken to be
one year. The integration is calculated in all the energy bins within a cone which is defined
as ∆Ω = 2π × [1− cos(max{αint, θc})], where θc is the energy-dependent angular resolution
of LHAASO. In fact, θc varies from 2
◦ to 0.1◦ with the increased photon energy as described
9in Fig. 45 of the LHAASO Science White Paper [53].
The effective area Apeff is derived from an interpolation calculation in the Science White
Paper of LHAASO, which is a function of energy and zenith angle θzen [53]. DSphs at
different declinations correspond to different θzen(t) functions, and finally result in different
visibilities. To briefly show the visibility of each dSph, we list in Table I the effective time
ratio reff , which is determined by the proportion of observation time during which the zenith
angle θzen is smaller than 60
◦.
With regard to the survival ratio ε in the γ/p discrimination on WCDA, in Ref. [54] the
authors have provided an estimation for the quality factor Q ≡ εγ/√εp at various energies,
in which the proton survival rate εp varies from 0.04% to 0.11% when the gamma survival
rate εγ is around 50% for the energies above 0.6TeV. While as a more conservative choice
in this work, we just set εp to be ∼ 0.278% when we keep εγ ∼ 40.13%. 2
The cosmic-ray electron/positron would share the same survival ratio with the gamma
ray, which is 40.13%. However, their flux above hundreds of GeV is less than re/p ∼ 0.002
times the cosmic-ray hadron [55, 56]. Therefore, for the energy range of LHAASO, the
background contribution from electron/positron would always be less than εγre/p/εp ∼ 30%.
Note that the 30% is just an extreme value at the energy 300GeV, for higher energies this
number would rapidly decrease. Thus, we neglect this part of background contribution.
Similarly, the signal events S can be expressed as
S = ǫ∆Ω
∫ Emax
Emin
∫ T
0
Φγ(E) · Aγeff(E, θzen(t)) · εγ(E)dtdE, (7)
where ǫ∆Ω = 0.68 is the fraction of observed event counts within the angular resolution of
the instrument. Here, we assume that all the dSphs are point-like sources, as the energy-
dependent angular resolution of LHAASO is always larger than the typical angular radius
scale of the inner region of the dSph, in which DM annihilations have the most important
contribution to the gamma-ray flux. The effective area Aγeff is derived from the same proce-
dure as that in Eq. (6), and Φγ(E) is the flux of gamma photons from DM annihilation as
described in Eq. (1).
C. Statistic analysis
To quantify the gamma-ray excess in a particular sky region, we perform a likelihood
ratio test, which is determined by the ratio of the likelihoods under two hypotheses. The
2 Note that in this work we mainly focus on the gamma photons with energies higher than 700 GeV. This
energy range corresponds to Nfit > 20 as shown in Ref. [54]; thus, most of the events with Nfit < 20
are actually ignored here. Therefore, although the effective areas we used in this work are obtained
with Nfit > 10 in Ref. [53] while the gamma/hadron separation are obtained with Nfit > 20 [54], their
inconsistency in our interesting energy region is negligible.
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test statistic (TS) is calculated by
TS = −2 ln
(L0,max
Lmax
)
, (8)
where L0,max is the maximal likelihood under the null hypothesis without DM contribution,
and Lmax is the maximal likelihood under the alternative hypothesis with DM contribution,
evaluated at the value of the cross section which maximizes the likelihood. The factor of 2
in the definition is for the purpose of causing the distribution of TS values to asymptotically
approach a χ2 distribution. Both likelihoods are taken to be Poisson distribution
L(S|B,N) =
∏
i
(Bi + Si)
Niexp[−(Bi + Si)]
Ni!
, (9)
where i denotes the i-th energy bin, Si is the sum of expected number of signal counts
corresponding to a DM annihilation cross section, Bi is the number of expected background
counts, and Ni is the number of total observed counts. Since the value of Si is physically
restricted to be positive, for the sources within the under-fluctuations of the background (i.e.,
Si < 0), the value of Si maximizing the likelihood is expected to be zero, being consistent
with no gamma-rays from DM sources. In this case, we can get L0 = Lmax, leading to a TS
value of zero for the under-fluctuations.
We also consider the statistical uncertainty in J-factor determination as a nuisance pa-
rameter in the likelihood formulation, following the approach in Refs. [25, 57]. The likelihood
in all energy bins for the j-th dSph can be written as
Lj =
∏
i
Lij(Sij|Bij, Nij)×J (Jj |Jobs,j, σj), (10)
where i and j represent the i-th energy bin and j-th dSph, respectively. The J-factor
likelihood term for the j-th dSph is assumed to be a Gaussian term
J (Jj|Jobs,j, σj) = 1
ln(10)Jobs,j
√
2πσj
× e−[log10(Jj )−log10(Jobs,j )]2/2σ2j , (11)
where log10(Jobs,j ) and σj are the observed mean values and corresponding standard devia-
tions. In the practical calculation, the log10(Jj ) is chosen to maximize the Lj for given 〈σv〉
and mχ.
For a χ2-distributed TS, in order to set a one-side 95% confidence level limit, we expect
to derive the decreasing likelihood with an increasing number of photons emitted from a
potential DM source. We optimize ∆TS = TS−TS95 = 2.71 corresponding to an alternative
11
hypothesis excluded at 95% C.L. [58]
− 2 ln
(L0,max
Lmax
)
+ 2 ln
(L0,max
L95
)
= 2
(
lnLmax − lnL95
)
= 2.71. (12)
Then, we can set 95% C.L. upper limit on the DM signature flux by requiring that the
corresponding log likelihood has decreased by 2.71/2 from its maximum. After deriving the
allowed amount of signal counts S95 at 95% C.L., we impose Eqs. (1) and (7) to derive the
corresponding values of 〈σv〉95.
For the joint likelihood analysis of many dSphs, the analysis procedure is similar to the
single dSph analysis. The combined likelihood of all dSphs becomes
Ltot =
∏
j
Lj. (13)
By adjusting the number of 〈σv〉, we can get 〈σv〉95, satisfying 2
(
lnLmax − lnL95
)
= 2.71.
IV. LHAASO SENSITIVITIES
In this section, we describe the LHAASO sensitivity to the DM annihilation cross section
through the gamma-ray observation towards dSphs. The simulated integral flux sensitivity
curve of LHAASO project to a Crab-like source is shown in Fig. 1; the sensitive curves for
other projects are also shown in the same figure for comparison [33]. We can clearly see that
LHAASO is more sensitive at high-energy range above ∼ 10 TeV than other ground-based
projects. This implies that LHAASO will have a better capability to explore the property
of heavy DM particles.
We select 19 dSphs inside the FOV of LHAASO, mean values and uncertainties of the
J-factor of which are listed in Table I. These dSphs are chosen for their favored declination
angle for LHAASO and have well-studied dark matter contents. Because of the large FOV
of LHAASO (defined in the declination range −11◦ < δ < 69◦), we involved four more dSphs
(Draco II, Leo V, Pisces II, and Willman 1) in the analysis, compared with the observation
of HAWC [59]. In light of the simulated gamma-ray observation of LHAASO, we calculate
the sensitivities to the DM annihilation cross section for five annihilation channels bb¯, tt¯,
µ+µ−, τ+τ−, and W+W−, as shown in Fig. 2. The individual sensitivities for each dSph
are considered. In addition, the combined sensitivities resulting from a joint likelihood
analysis for all the selected dSphs are also exhibited. For the sake of improving the research
comprehensiveness, we take the statistical uncertainty of the J-factors into account, which
would more or less loosen the sensitivity to the gamma-ray signature from dSphs. In spite
of this issue, our result is still better than the current upper limit set by HAWC [59] by a
factor of 2 ∼ 5.
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There are two reasons for this improvement. First, the area of WCDA is about 4.5 times
larger than that of HAWC, which would improve the sensitivity by a factor of ∼ 2.1. Second,
we have adopted a more efficient γ/p discrimination compared with the analysis of HAWC.
In the studies of HAWC [60, 61], when εγ is set to be ∼ 50%, εp is always larger than 1%
around 1TeV. However, the corresponding value for WCDA is expected to be much smaller
[54]. Actually, we have adopted a more conservative εp ∼ 0.278% compared with Ref. [54].
In spite of this, the good γ/p discrimination of WCDA still leads to an improvement with a
factor at least of ∼ 2.
We find that the combined sensitivity is dominated by the influence of three dSphs with
large J-factors and favorable locations in the FOV of LHAASO, including Segue 1, Ursa
Major II, and Triangulum II. Since LHAASO is located at the latitude of ∼ 29◦, it would
be more sensitive than HAWC to the high-latitude bright sources such as Ursa Major II.
Although Triangulum II with almost the largest J-factor among all the selected dSphs is
very close to the center of the LHAASO FOV, it is not utterly dominant over the combined
sensitivity. This is because the statistical uncertainty of the J-factor of Triangulum II is
large due to the lack of kinematic observational data. Including the uncertainty of the J-
factor in the joint likelihood analysis would alleviate the overestimation of the combined
sensitivity to a great extent. The remaining 16 dSphs do not significantly impact on the
combined sensitivity. Despite that some of them are relatively close to the center of the
LHAASO FOV, those dSphs have so small J-factors that LHAASO is not sensitive enough
to them.
To consider the statistic fluctuation in the analysis, we repeat 500 mimic observations
under the null hypothesis considering the Poisson fluctuation on the expected event count.
Then, we calculate the median combined sensitivity and the two-sided 68% and 95% con-
tainment bands as shown in Fig. 3. In this figure, we also displayed the comparison of the
LHAASO sensitivity to the constraints from another five dSph gamma-ray observations,
including the HAWC combined limit [59], Fermi-LAT combined dSph limit [24], HESS com-
bined dSph limit [62], VERITAS Segue 1 limit [63] and MAGIC Segue 1 limit [64].
Broadly speaking, the most strong LHAASO sensitivity to the DM annihilation cross
section comes from the τ+τ− annihilation channel, which is nearly close to 10−24 cm3 s−1,
for all the DM masses considered here. For the bb¯ channel, the MAGIC observation sets the
most stringent constraint up to ∼ 15 TeV. Above ∼ 15 TeV, LHAASO is more sensitive to
this channel. Besides, with regard to the tt¯, τ+τ−, and W+W− channels, LHAASO are more
sensitive beyond ∼ 3 TeV, ∼ 2 TeV, and ∼ 5 TeV, respectively, compared with the current
limits set by other experiments. For the µ+µ− channel, LHAASO has great sensitivity for
almost the whole mass range from 1 to 100 TeV. Therefore, we can conclude that LHAASO
will be able to set stringent constraints on the property of heavy DM particles, especially
for those heavier than ∼ 10 TeV.
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FIG. 2. The projected sensitivities to the DM annihilation cross section 〈σv〉 at 95% confidence
level for 19 dSphs within the LHAASO FOV of one year for the bb¯, tt¯, µ+µ−, τ+τ−, and W+W−
annihilation channels. The solid red line represents the combined sensitivity resulting from a joint
likelihood analysis, considering the observations of all dSphs.
14
10
-27
10
-26
10
-25
10
-24
10
-23
10
-22
10
-21
 1  10  100
b b
_
<
σ
v
>
 [
c
m
3
 s
-1
]
mDM [TeV]
Thermal Relic DM 
LHAASO 95% Containment
LHAASO 68% Containment
LHAASO Combined
Fermi Combined
HAWC w/o TriII
HAWC w/ TriII
HESS Segue1
MAGIC Segue1
VERITAS Combined
10
-27
10
-26
10
-25
10
-24
10
-23
10
-22
10
-21
 1  10  100
t t
-
<
σ
v
>
 [
c
m
3
 s
-1
]
mDM [TeV]
Thermal Relic DM
LHAASO 95% Containment
LHAASO 68% Containment
LHAASO Combined
VERITAS Combined
HAWC w/o TriII
HAWC w/ TriII
10
-27
10
-26
10
-25
10
-24
10
-23
10
-22
10
-21
 1  10  100
µ+µ-
<
σ
v
>
 [
c
m
3
 s
-1
]
mDM [TeV]
Thermal Relic DM
LHAASO 95% Containment
LHAASO 68% Containment
LHAASO Combined
Fermi Combined
VERITAS Combined
HAWC w/o TriII
HAWC w/ TriII
MAGIC Segue1
10
-27
10
-26
10
-25
10
-24
10
-23
10
-22
10
-21
 1  10  100
τ+τ-
<
σ
v
>
 [
c
m
3
 s
-1
]
mDM [TeV]
Thermal Relic DM
LHAASO 95% Containment
LHAASO 68% Containment
LHAASO Combined
Fermi Combined
HAWC w/o TriII
HAWC w/ TriII
MAGIC Segue1
VERITAS Combined
HESS Segue1
10
-27
10
-26
10
-25
10
-24
10
-23
10
-22
10
-21
 1  10  100
W
+
W
-
<
σ
v
>
 [
c
m
3
 s
-1
]
mDM [TeV]
Thermal Relic DM
LHAASO 95% Containment
LHAASO 68% Containment
LHAASO Combined
Fermi Combined
VERITAS Combined
HAWC w/o TriII
HAWC w/ TriII
MAGIC Segue1
FIG. 3. The LHAASO median combined sensitivities (red solid lines) and related two-sided 68%
(yellow bands) and 95% (green bands) containment bands of one year for the bb¯, tt¯, µ+µ−, τ+τ−,
and W+W− annihilation channels. The HAWC combined limits [59], Fermi-LAT combined limit
[24], VERITAS Segue 1 limit [63], HESS combined dSph limit [62] and MAGIC Segue 1 limit [64]
are also shown for comparison.
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V. CONCLUSION AND DISCUSSION
LHAASO is a newly planed under-construction wide FOV observatory to research the
VHE gamma-ray astronomy with unprecedented sensitivity. Considering the fact that
LHAASO will carry out its preliminary operation at the end of this year, it is timely to
predict the physical perspective of LHAASO based on the simulated experimental data. In
this paper, we investigate the LHASSO sensitivity to the DM annihilation cross section for
five DM annihilation channels by the gamma-ray observation of dSphs. We calculate the in-
dividual sensitivities for 19 dSphs within the LHAASO FOV using a likelihood ratio analysis
method. To make the analysis more comprehensive and reliable, the statistical uncertainty
of the J-factor is also incorporated as a nuisance parameter in the likelihood formulation.
In addition, we also calculate the combined sensitivity from a joint likelihood analysis of
overall dSphs with the purpose of enhancing the statistical power in the calculation. These
are the first simulated LHAASO sensitivities to the DM annihilation cross section using the
mimic observation data.
Our calculation shows that the LHAASO combined sensitivity is dominated by the in-
fluence of the three dSphs with large J-factors: Segue 1, Ursa Major II, and Triangulum
II. Furthermore, we compare the LHAASO sensitivities with the current limits set by other
five gamma-ray experiments, including HAWC, Fermi-LAT, VERITAS, HESS and MAGIC.
The results manifest that the LHAASO sensitivities are better than the current limits above
∼ 2, 5, and 8 TeV for the τ+τ−, W+W− and bb¯ channels, respectively. For the tt¯ and µ+µ−
channels, LHAASO has great sensitivities in the large mass range from 1 to 100 TeV.
It is worthwhile to mention that several systematic uncertainties arising from the deter-
mination of the J-factor of dSphs would contribute a factor of several on the uncertainty
of the final sensitivity. In spite of the existence of these uncertainties, our results still show
that the LHAASO gamma-ray research of dSphs would be a promising way for the DM
indirect detection. It is believed that LHAASO will greatly enrich our knowledge about DM
particles above O(TeV).
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Appendix A: Gamma-ray absorption
The VHE gamma rays would be absorbed when traveling through the cosmos due to
the e+e− pair production. This effect has been well studied in the literature [65, 66]. The
differential optical depth dτ/dx of the cosmic photon gas depends on both the γ+γ collision
cross section and the number density of the target photons.
The γ + γ → e+ + e− cross section is
σ =
1
2
πr20(1− β2)
[
(3− β4) ln 1 + β
1− β − 2β(2− β
2)
]
, (A1)
where r0 = e
2/mc2 is the classical electron radius and β is the velocity of the e+ (e−) in the
center-of-mass system.
With an auxiliary variable s ≡ (EE ′/2m2c4)(1 − cos θ) = 1/(1 − β2) defined, the differ-
ential optical depth
dτ
dx
=
∫ ∫
1
2
σn(E ′)(1− cos θ) sin θdE ′dθ (A2)
could be separated into two integrations


dτ
dx
= πr20
(
m2c4
E
)2 ∫ ∞
m2c4/E
E ′−2n(E ′)ϕ [s0(E
′)] dE ′
ϕ [s0(E
′)] =
2
πr20
∫ s0
1
σ(s)ds
, (A3)
where s0 ≡ 2s/(1 − cos θ). This formula is more convenient for the analytical analysis
compared to the original one. The reader is referred to Ref. [66] for more details.
For the CMB, the photon gas density follows a blackbody distribution
n(E ′) = (~c)−3(E ′/π)2
(
eE
′/kT − 1
)−1
, (A4)
where the temperature T for CMB is approximately to be 2.73K. Adopting the distribution
in Eq. (A4), Ref. [66] has derived two asymptotic formulae for the solution of Eq. (A3).
Unfortunately, there was a typo in the Eq.(10) of Ref. [66], where the term −L(ω0) ought
to be −4L(ω0). As a result, the asymptotic formulae ought to be
f(ν)→ (π2/3)ν ln(0.117/ν), ν ≪ 1
f(ν)→ √πe−ν(√ν + 6/√ν . . . ), ν ≫ 1. (A5)
Both of the Eq. (A5) and the numerical integral could lead to reasonable results.
Here, we directly calculate the Eq. (A3) for CMB, and show the corresponding survival
rate e−τ for source distances 100 kpc ∼ 1Mpc in Fig. 4. The optical depth τ used here is
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just the product of the distance d and the differential optical depth dτ/dx. It could be seen
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FIG. 4. The survival rate of gamma-rays in CMB.
that even for a distance as far as 1Mpc, the survival rate of gamma-rays ∼ 20TeV is almost
100%. Therefore, the absorption of CMB is negligible for our target sources whose distances
are always smaller than 300 kpc.
In addition to the CMB, the infrared radiation component of interstellar radiation field
(ISRF) would also absorb the gamma-ray. The infrared radiation is composed of multiple
kinds of emission from the cosmic dust. Its distribution inside the Galaxy is much more
complex than that of the CMB. A widely adopted detailed model has been established to
describe this distribution in Ref. [67].
Reference [68] has adopted this model to perform a detailed calculation to analyse the
gamma-ray attenuation for the Sgr A∗ at Galactic center (GC), showing that the infrared
radiation component would lead to an absorption . 5% for the photon energies below
20TeV. Note that the infrared radiation is supposed to be densest at the GC and would
rapidly decrease along the axes of R and z in the cylindrical coordinate [67]. Therefore, the
optical depth for the dSphs of interest in this work would be even much smaller than that
of the Sgr A∗. We thus could neglect the absorption of infrared radiation inside the Galaxy.
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